Ni-implantation has been conducted for sputter deposited Zr alloy films to investigate compositional dependent amorphization behavior in proportion to Ni in Zr alloys. As-deposited Zr and Zr-Cu with thickness of 200 nm shows columnar hcp-Zr and nano-crystalline hcp-Zr(Cu), respectively. Implantation of 150 keV Ni þ with the amount of 1 Â 10 17 ions/cm 2 induces amorphization of Zr and Zr(Cu) with 100 nm in thick. Critical amorphization concentration of penetrated Ni decreases for Ni-implanted Zr-Cu film to be 10 at%Ni as comparison with that of 20 at%Ni for Zr film. The displacement collision effect has been examined by penetration of 300 keV-Ni þ . As increasing the beam energy, penetration depth increases to yield equi-axed crystalline surface and inside amorphization, which corresponding to compositional gradient of penetrated Ni. This compositional dependent amorphization via ion implantation implies that induced amorphization is attributed to chemical reaction between penetrated Ni with constituents.
Introduction
Amorphous metal is promising candidate for protective coating against corrosion and wear environment because of its high strength with large elastic limit and good surface roughness of isotropic body. Therefore much attention has been paid for amorphization process by solid-state synthesize and vapor deposition methods. 1, 2) Recent progress in synthesis of metallic glass derives from enhancement of supercooled liquid region with selected constituents, which yielding glassy metal under conventional solidification process.
3) This glass forming ability depends on strong attractive interaction (negative heat of mixing) and large radius difference between constituents. 2, 3) The well-known multi-component metallic glass of Zr based alloy, which designed as the stoichiometry of Zr 2 (Ni,Cu) mixture, shows good glass forming ability, because of lower solubility limit of mutual constituents in hcp-Zr (ex. 0.2 at% for Ni, 0.2 at% for Cu), and also strong chemical interactions suggested from typical eutectic phase diagrams. 4, 5) Present fabrication process of ion implantation enables subsequent amorphization on net-shaped products with good controllability of the penetration depth and amount. The origin of structural change via ion implantation is mainly attributed to defect production and simultaneous chemical reaction in proportion to irradiation amounts. 6) Penetration of an energetic ion makes elastic and inelastic collisions to displace primary atoms, 7, 8) so that meta-stable phase has been introduced under low-temperature atom-mixing. The irradiation study for amorphization of Zr 2 Ni and Cu 3 Au compounds revealed amorphization of Zr 2 Ni would occur with merely chemical disordering of constituents, 9) because large strain energy due to disordering instantly accommodates and collapses primary lattice. This radius effects in amorphization sequence is supported by internal energy calculation with increased concentration of solute atoms in interstitial and substitutional sites. 10) In the present study, Ni þ implantation has been conducted for sputter deposited Zr and Zr-Cu alloys to examine compositional dependent amorphization behavior in Niirradiated Zr alloys. Effect of the displacement collision and the chemical reaction on proportion to Ni irradiation is discussed from TEM observation and XPS compositional measurement for amorphous-crystalline interface.
Experimental Procedure
The preparation of pure Zr and Zr-Cu films has been made by ion beam sputtering on Si substrate by certain area fraction of target materials with 99.9 purity of Zr and Cu respectively. Chamber was evacuated to the pressure of 10 À5 Pa with turbo molecular pump and contamination of Zr surface was cleaned up with pre-sputtering treatment. Working pressure was 5:4 Â 10 À2 Pa during deposition. Thickness measurement was performed by transmission electron microscopy (JEM 3010, JEOL), the deposition rate amounts to be $0:14 nm/s. Chemical composition of as-deposited film has been measured by X-ray photoelectron spectroscopy (XPS; PHI 5400, ULVAC-PHI) with Zr 3d , Ni 2p , Cu 2p , Si 2p spectrum. Substrate temperature has been controlled with water-cooling so that deposition is carried out under room temperature. The sample thickness is controlled with 1440 sec of sputtering deposition, which yields to be 200 nm. It should be mentioned that the alloy film with the composition over $30 at% of Ni and Cu shows typical broaden spectrum of amorphous by XRD measurement. For implantation induced crystal-to-amorphous (c-a) transition study, crystalline Zr-10 at%Cu has been chosen. 
Results

Microstructure of as-deposited Zr and Zr-Cu
The observation of as-deposited Zr alloy films has been carried out and respective microstructure is shown in Fig. 1 . As-deposited Zr film consists of columnar hcp-Zr with 20 nm in diameter. The selected area electron diffraction (SAED) represents hcp-Zr with the direction of ½01 1 10 Zr parallel to longitudinal direction of column. The lattice constant is measured with calibrated camera constant, to be 0.327 nm in a axis, 0.521 nm in c axis. The measured lattice constant is almost consistent with that of bulk Zr (a ¼ 0:323, c ¼ 0:515 nm), which implies that deposition of the film has been performed with less penetration of gas species inside of the film. Figure 2 shows cross-sectional image of as-deposited Zr-12 at%Cu film. Microstructure of the film consists of nanocrystalline Zr-Cu as comparison with columnar Zr. SAED pattern shows hcp reflections which simultaneously existing with halo ring. In literature, 11) amorphization of Zr 1Àx Cu x was examined with the composition range of x ¼ 0:25{0:9 by melt-spinning method. Since the chemical composition of present Zr-Cu film shows Zr-12 at%Cu by XPS measurement, complete amorphization would occur with higher concentration of Cu. Hence as-deposited Zr-Cu film in present study consists of hcp-Zr(Cu), supersaturated Cu solid solution with Zr, which nearly close to a-(Zr,Cu).
XPS study of Ni-irradiated Zr film
Penetration of Ni þ has been conducted for as-deposited Zr and Zr-Cu films and respective compositional gradient was measured by XPS. The penetration depth of 150 and 300 keV Ni þ in Zr is calculated to be 69 and 149 nm in projected range by TRIM code.
8) Dosed amount of 1 Â 10 17 ions/cm 2 in 200 nm thick Zr corresponds to the composition of Zr-10 at%Ni in average. Figure 3 shows compositional gradient of penetrated Ni in Ni-implanted Zr film with beam energy of 150 and 300 keV. The respective thickness of Zr film is 200 and 400 nm. Zr/Si interface is determined by accounting for Zr and Si profiles. As shown in the figure, compositional gradient of Ni exhibits Gausian distribution, where penetration depth increases and maximum concentration decreases as increasing of beam energy from 150 to 300 keV. The average Ni concentration in respective film is 38 at%Ni and 19 at%Ni, which indicating equivalent dosed amounts with different accelerated energy. Though average Ni concentration is 3-4 times larger than that calculated from current density of ions, this might be responsible for that some part of ion-beam neutralized before penetration, so that larger amounts of Ni irradiated the specimen as detected by current density. The compositional gradient of Ni in Ni-implanted Zr-12 at%Cu film is shown in Fig. 4 . Penetrated Ni represents the composition of (ZrCu)-30 at%Ni in maximum, (ZrCu)-10 at%Ni in average, which is almost consistent with the predicted value. The Cu composition is almost constant with increased Ni penetration, though Cu/Zr ratio slightly changes as a function of depth, to be 0.12 for 1:2 Â 10 3 s, 0.08 for 5:0 Â 10 3 s. The change in Cu/Zr ratio implies Ni-implantation induces Cu migration, which is attributed to the attractive interaction between Ni and constituents. Hence, Ni-implantation successfully induced (Zr,Cu,Ni) mixture as expected from negative enthalpy of mixing. Figure 5 shows cross-section image of Ni-implanted Zr film. Penetration of Ni induced two-layered structure, which consists of affected zone on the top and granular structure on the bottom. Halo-ring represented in SAED is derived from amorphous layer of Zr surface. Accounting for XPS depth profile and TEM observation, critical Ni concentration for amorphization of pure-Zr is determined to be 20-30 at% of Ni. Furthermore, on deeper side of the c-a interface, c-Zr(Ni) meta-stably exists with the composition over the solubility limit of Zr-0.2 at%Ni. 4) Hence the essential Ni concentration for the c-a transition of Zr(Ni) is the range in 20-30 at% of Ni in the present study.
TEM observation of Ni-implanted Zr and Zr-Cu film
The constituent effect for amorphization is examined by Ni-implantation into Zr-12 at%Cu film. Figure 6 shows dark field image of Ni-irradiated Zr-Cu film. Penetration of Ni induces amorphization of Zr-Cu with the thickness of 140 nm in depth, which corresponds to the composition of Zr-7 at%Cu-10 at%Ni in the vicinity of c-a interface. Since amorphization of Zr-Cu alloy occurs with lower concentration of Ni as comparison with that of Zr film, amorphization in present study strongly depends on chemical disordering of Zr(Cu,Ni) mixture with increased Ni, rather than the defect production due to Ni irradiation.
Discussion
Chemical contribution in amorphization process in
Ni-implanted Zr The stability and formability of amorphous phase depends on internal energy differences between amorphous and crystalline phase, which gives driving force for c-a transition at ambient temperature. 1, 11) Large amounts of amorphization study have suggested that atomic radius difference of constituents, which related with local strain energy gain in lattice, is important factor for amorphization ability of alloy. 2, 9, 10, [12] [13] [14] In this point of view, small atomic radius difference of wide compositional solid solution represents poor amorphization ability, because relaxation and annihilation easily occurs for its thermal activation process. 9) On the contrary, dense-packed line compound, which melts before disordering in phase equilibrium, tends to show good amorphization ability under irradiation. 9, 15, 16) Hence, elastic instability due to large atomic-radius difference between constituents makes difficult for order-disorder transition taking place with increased local lattice strain energy. Generally, penetration of energetic ion makes elastic and inelastic collision with target atoms, so that chemical reaction and displacement of atoms simultaneously occurs. During this process, degree of the displacement per atom (D, dpa) is described as followed,
Where C is area density of irradiated ions (ions/cm 2 ), E d (eV) is displacement energy for single atom completely displaced from original position. E n is total energy loss of single ion for atom displacements. N is number density of target material per unit volume (m À3 ). d is average penetration depth of energetic ion.
The penetration depth of Ni þ in Zr is calculated to be 70 nm for 150 keV Ni þ , 149 nm for 300 keV Ni þ by TRIM code. 8) According to the above formula, since penetration depth d merely increases with increase of E n , so that D is almost independent to the accelerated voltage to yield 150 dpa for 150 and 300 keV-Ni þ (C: Figure 7 shows dark field image of Ni-implanted Zr with beam energy of 300 keV. Ni-implantation has been performed for 400 nm thick of Zr. As you can see in the figure, Ni-implantation induces amorphization with the depth of 50-200 nm and equi-axed crystalline with 50 nm on top surface area. Accounting for that degree of atom displacement is equivalent in depth, displacement collision is dominant on surface in contrast to that with additional chemical reaction at deeper side as represented Fig. 3 . Hence, amorphization due to Ni-implantation is strongly assisted by compositional change of Ni in Zr, which attributed to the negative mixing enthalpy and atomic radius differences between Zr and Ni.
Summary
Ni-implantation has been conducted for sputter-deposited Zr and Zr-12 at%Cu films to investigate surface amorphization behavior in proportion to Ni by transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). As-deposited films show columnar hcp-Zr and nanocrystalline hcp-Zr(Cu). Ni-implantation induces amorphization of Zr and Zr-12 at%Cu with thickness of $100 nm in depth. The increased beam energy induces amorphization on deeper side and equi-axed crystalline surface, which implies compositional dependent amorphization with increased Ni concentration. The critical concentration for amorphization is $25 at%Ni irrespective of dosed energy. Ni-implantation for Zr-Cu film decreases critical amorphization concentration, to be (Zr,Cu)-10 at%Ni. The lower concentration of amorphization in Zr-Cu suggests compositional dependent amorphization under Ni-irradiation, which is attributed to the chemical interaction and radius differences between Ni and constituents.
